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Abstract
Sol–gel coatings which elute bioactive silver ions are presented as a potential solution to the problem of biofilm formation on
indwelling surfaces. There is evidence that high-temperature processing of such materials can lead to diffusion of silver away from the
coating surface, reducing the amount of available silver. In this study, we report the biofilm inhibition of a Staphylococcus epidermidis
biofilm using a low-temperature processed silver-doped phenyltriethoxysilane sol–gel coating. The incorporation of a silver salt into a
sol–gel matrix resulted in an initial high release of silver in de-ionised water and physiological buffered saline (PBS), followed by a lower
sustained release for at least 6 days—as determined by graphite furnace-atomic absorption spectroscopy (GF-AAS). The release of silver
ions from the sol–gel coating reduced the adhesion and prevented formation of a S. epidermidis biofilm over a 10-day period. The
presence of surface silver before and after 24 h immersion in PBS was confirmed by X-ray photoelectron spectroscopy (XPS). These
silver-doped coatings also exhibited significant antibacterial activity against planktonic S. epidermidis. A simple test to visualise the
antibacterial effect of silver release coatings on neighbouring bacterial cultures is also reported.
r 2007 Elsevier Ltd. All rights reserved.
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1. Introduction
Biofilms are complex aggregations of microorganisms
that can form irreversible attachments to the surfaces of
living and non-living surfaces. Colonisation of clinically
implanted surfaces such as prosthetic hip implants, central
venous catheters and urinary catheters can occur by biofilm
forming bacteria. This can have serious implications for a
patient including the risk of infection, a necessity for
implant removal and patient relapse [1,2]. Biofilm forming
bacteria are inherently more resistant to antibacterial
agents than planktonic bacteria due to physical diffusion
barriers and physiological differences [3]. Therefore,
antibiotic concentrations which are generally effective
against planktonic bacteria are ineffective against sessile
bacteria [4]. It has been reported that bladder catheters
impregnated with rifampicin (10 mg/ml) and minocycline
(50 mg/ml) had no significant effects against enterococci
and Enterobacteriaceae bacterial adhesion [5].
The large increase in the number and occurrence of
antibiotic-resistant bacterial strains has prompted a re-
newed interest in the use of silver as an antibacterial agent.
Silver in its ionised form, is the metal best known for its
broad-spectrum antibacterial activity against Gram-posi-
tive and Gram-negative strains, including antibiotic-resis-
tant strains [6]. Biocides such as silver (I), which target
numerous sites within the bacterial cell, are less likely to
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select for resistant strains [7]. Silver ions are reported to be
bactericidal at low level concentrations (ppb) [8]. The
antimicrobial activities of commercially available silver
impregnated dressings and catheters have been previously
reported [9–11]. It has been suggested that impregnation of
silver into a coating can be more effective than direct
surface coating alone, since surface silver can be readily de-
activated by protein anions [12]. This impregnation of
silver ions would also be beneficial in protecting the inner
and outer catheter surfaces against bacterial attachment
[13].
The silane-based sol–gel coatings developed in this body
of work, via a condensation reaction, can be used as
storage matrices for inorganic salts of silver, copper or
zinc. By tailoring the silane precursor, to include hydro-
phobic side groups, it is possible to adjust the water uptake
and more importantly the silver ion release rate. SiO2–-
CaO–P2O5 sol–gel-derived coatings have been reported to
be effective as bioactive materials in the production of
bone-like hydroxyapatite when implanted into the body
[14]. The use of highly silver-doped silica and hybrid
coatings has been shown to be effective against Staphylo-
coccus aureus and Escherichia coli [15,16]. Silver-doped
silica microspheres have shown high antibacterial activity
in aqueous environments but required high processing
temperatures (800 1C) [17]. However, such high tempera-
tures can cause an increase in crystallinity and conse-
quently a reduction in silver release kinetics [18,19]. X-ray
photoelectron spectroscopy (XPS) studies have previously
shown that high-temperature processing of silver-doped
tetraethoxysilane (TEOS) films (4300 1C) led to a migra-
tion of Ag+ ions away from the surface and into the bulk
[20]. Considering that a high initial release of antibacterial
agent during the early stages of device insertion is critical to
prevent bacterial attachment, a reduction in the availability
of surface silver is undesirable [2]. Consequently, the use of
a low-temperature processed silver-doped sol–gel material
is proposed as a potential solution to biofilm adhesion on
short-term indwelling devices.
In this paper, we describe the synthesis and character-
isation of a low-temperature silver-doped phenyltriethox-
ysilane (PhTEOS) sol–gel coating as a biofilm inhibitor.
The release of silver ions from the sol–gel inhibited the
growth of Staphylococcus epidermidis (CSF 41498) biofilm
over a 10-day period. XPS studies indicated that surface
silver was present in the top 10 nm of the coating, even
after 24 h immersion in a saline solution at 37 1C. These
coatings also demonstrated significant antibacterial activity
against planktonic S. epidermidis. The release rates of silver
from the sol–gel coatings in water and physiological
buffered saline (PBS) are also reported. We also propose
the use of a simple and versatile test for observing the
bacterial kill zone of silver-doped coatings at various
concentrations. It is envisaged that this technique may be
applied to other antibacterial coatings containing silver.
2. Experimental procedure
Silver-doped PhTEOS coatings were prepared as follows: 85mg
(0.5mmol) silver nitrate (Aldrich) was dissolved by sonication in 5.84ml
(0.11mol) ethanol. This solution was added to 9.65ml (0.04mol) PhTEOS
(Aldrich) under stirring, followed by the gradual addition of 2.6ml
(0.2mol) de-ionised water and 1ml nitric acid (0.04 N) under rigorous
stirring. The final molar ratio of PhTEOS: AgNO3:EtOH:H2O was
1:0.0125:2.5:4. This solution was stirred for 24 h. All reactions containing
silver nitrate were conducted in amber glassware to prevent photoreduc-
tion of the silver ions. This reaction was also repeated without the addition
of silver nitrate salt. All solutions were de-gassed with nitrogen prior to
use. The resulting sols were then applied to pre-cleaned glass slides by spin
coating and dried at 100 1C overnight to give slightly yellow transparent
films. All coatings were stored at 4C in aluminium foil prior to analysis.
The coatings prepared under these conditions showed no tendency
towards delamination from the substrate.
2.1. Instrumentation
The release rates of silver from the coatings were monitored by graphite
furnace-atomic absorption spectroscopy (GF-AAS) using a Varian 110
Spectrometer equipped with a silver hollow cathode lamp. The morphol-
ogy of the biofilms was assessed using a Jeol 8600 scanning electron
microscope (SEM). Elemental maps of the biofilms were obtained using
energy-dispersive X-ray microanalysis (EDS). A Sigma Probe X-ray
photoelectron spectrometer (XPS) was employed to analyse the atomic
composition and chemical state of the silver-doped sol–gel films.
2.2. Silver dissolution and evaluation of silver release rates
Evaluation of silver release rates was performed to monitor the elution
of silver from the coatings. Sterile de-ionised water and PBS were chosen
as the test fluids. Coated slides (25 cm2) were immersed in 50ml of the test
fluid initially for 1 h, followed by three successive 24 h immersion periods
and one final 72 h immersion period in fresh test fluid. The fluids were
sampled and analysed using GF-AAS.
2.3. Biofilm growth
The ability of silver-based coatings to prevent biofilm growth was
assessed using scanning electron microscopy. S. epidermidis (CSF 41498)
was used as the test bacterium. Glass slides (1 cm2) coated with the silver-
doped sol and silver-free sol, were immersed in a nutrient-rich bacterial
suspension of approximately 108CFU/ml and incubated for 10 days at
37 1C. After incubation, the glass slides were removed and rinsed twice
with sterile water. The samples were mounted on a stub and gold coated
for SEM imaging at 10KeV. Samples were kept at 4 1C prior to analysis.
2.4. Killing of planktonic bacteria
The effect of the silver-doped sol–gel coatings on planktonic S.
epidermidis (CSF 41498) was determined using a modified version of the
Japanese standard (JIS Z 2801). A stock culture of the bacteria was grown
on plate count agar (PCA-3w/v% tryptone, 1w/v% glucose, 2.5w/v%
yeast, 9w/v% agar, Oxoid). The organism was grown overnight in
nutrient-rich broth to give a bacterial concentration of approximately
108CFU/ml. This was diluted one in a hundred with maximum recovery
diluent (MRD-1w/v% peptone, 8.5w/v% NaCl, Oxoid) to give a working
culture of approximately 106CFU/ml. Doped and undoped coatings
(25 cm2) were inoculated with 400ml of the working S. epidermidis and
incubated at 37 1C overnight. The coatings were then agitated with MRD
(20ml) in a sterile stomacher bag. To determine the number of organisms,
the MRD was serially diluted tenfold and the resulting dilutions plated
(100ml) onto PCA for overnight incubation at 37 1C.
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In order to visualise the antibacterial effect of silver diffusion from the
sol–gel materials, four PhTEOS solutions were prepared containing 0%
(B), 1% (C), 5% (D) and 10% (E) AgNO3, respectively. Aliquots (5ml) of
each solution were poured into sterile glass vials and heated to 100 1C for
6 h in order to form films on the base of the vials. Approximately 10ml of
freshly prepared PCA containing S. epidermidis (E106CFU/ml) was
added to each of the glass vials. A blank vial containing bacterial
suspension was also prepared (A). The agar was allowed to set and
incubated at 37 1C for 24 h.
3. Results and discussion
3.1. Silver release rates
Fig. 1 shows the release rates of silver in PBS solution
and de-ionised water. Initially there was a large release of
silver into both fluids. High release rates are favourable as
a rapid kill rate decreases the possibility of resistant
pathogens developing [21]. Dressings that release sublethal
doses of silver ions are potentially more harmful in terms of
resistance development [22]. Over a period of 6 days, the
release rates were much higher in the PBS solution than the
de-ionised water. The difference in initial release rates
between these two media can be explained by the possible
formation of insoluble salt crystals on the coating surface
in the saline solution. Such precipitates would not be
detected by GF-AAS [23]. As the availability of free silver
ions decreases in anionic media, the amount of antibacter-
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Fig. 1. Non-cumulative release rates of silver into fresh PBS/DiH2O
media from Ag:PhTEOS coatings (determined by GF-AAS).
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Fig. 2. SEM image of (a) Staph. epidermidis biofilm on PhTEOS-coated glass and (b) elemental analysis of biofilm structure.
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ial silver will be much smaller than the initial concentration
delivered. If the chloride ion levels in wound fluid are
5000 ppm or about 0.14M, and a coating releases 1 ppm or
9.3 mM of silver ions, then the molar difference between the
two ions will be approximately 15,000 [24]. Excess amounts
of chloride ions will lead to a shift in equilibrium with the
formation of silver chloride salts. The presence of these
anions can have a deleterious effect on the antibacterial
activity of the silver ions—reducing the amount of soluble
silver ions. It is reported that the concentration of free
silver ions in PBS is reduced to approximately 0.27 ppb [8].
However, at very high halide concentrations, water-soluble
anionic complexes such as AgX2
/AgX3
2 may form. Due to
the increased cell accessibility of these water-soluble
species, there is higher antibacterial activity and less chance
of resistant strains emerging [25].
3.2. Biofilm growth
The effect of silver ions on the destabilisation of biofilms
has recently been reported [26]. Slight disruptive changes in
a S. epidermidis biofilm were observed after the introduc-
tion of 50 ppb silver ions, due to a reduction in the number
of hydrophobic and electrostatic binding sites. At this
concentration silver ions were shown only to act at the
peripheral area of the biofilm. Moreover, they become
inactive after binding with protein anions and polysacchar-
ides in the biofilm. Fig. 2 shows the formation of a biofilm
on the surface of the undoped PhTEOS-coated glass slides.
After 10 days incubation, the biofilm was fully established
and approximately 100 mm in width. The silver-doped
coating did not manifest any significant biofilm growth, but
instead distinctive crystalline precipitates were observed
(Fig. 3). These structures may be due to insoluble adherent
salt crystals on the coating surface. Comparing treated and
untreated samples, chlorine was not detected in the silver-
doped coating indicating that some of the eluted Ag+ ions
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Fig. 3. SEM image of (a) Ag-PhTEOS-coated glass and (b) elemental analysis of structure.
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had formed silver chloride with chlorine ions in the broth.
Along with the broad spectrum antibacterial activity, the
elution of silver ions from the coatings also has a physical
effect of preventing bacterial adhesion [13]. In this work,
we have shown that silver ions eluting from a low-
temperature processed sol–gel significantly reduced the
attachment of any biofilm structure.
A previous study on silver-doped TEOS coatings
reported changes in the surface state of the silver from
Ag0 to predominantly Ag2+ after 300 1C. At higher heat
treatments of these films, a diffusion of silver away from
the surface was observed as confirmed by XPS and
Rutherford backscattering (RBS) [20]. XPS analysis of
the silver-doped sol–gel coating in this study also exhibited
binding energies around 368.2 eV, indicative of Ag0 [20].
Low-temperature processing retained surface silver in the
upper layers of the coating although there was a reduction
in percentage atomic Ag from 0.56% to 0.27% after 24 h
immersion in PBS at 37 1C (Figs. 4a, b). This may be
explained by the elution of some surface silver into the
chloride rich solution. In addition, we observed Si 2p
binding energies of 102.8 eV (Fig. 5). This is consistent with
previous reports on silver-doped silica films, indicating
ionic network formation analogous to soda glass [27]. As
presented in this study, the low-temperature processing
retained silver in the upper layers of the coating.
3.3. Killing of planktonic bacteria
The silver-doped coating had a bactericidal effect against
S. epidermidis (Fig. 6). The release of silver ions caused an
approximate 100% kill rate. The diffusion of silver ions
from the sol–gel samples can be seen in Fig. 7. Vials A and
B were turbid in appearance due to the overnight growth of
the bacterial culture and absence of silver. Vial C had a
small zone of inhibition just above the doped sol–gel. This
zone was due to effect of the eluting silver ions on the
neighbouring bacterial culture. The presence of anions in
the agar suspension would have drawn these silver ions
from the sol–gel matrix. It is reasonable to suggest that the
degree of diffusion would have decreased as the agar
started to gel. Vials D and E showed the greatest zones of
inhibition, but the visibility is somewhat impaired by the
increasing brown colouration as the percentage AgNO3
increased. The release of NO3
 ions from the sol–gel may be
a possible explanation for this discolouration. Therefore,
the use of such high concentrations of AgNO3 in a coating
matrix may cause cytotoxicity concerns. This simple test
can be applied to other silver release coatings in order to
observe the kill zone at various concentrations.
4. Conclusion
With the increase in healthcare-associated infections and
the inability of conventional antimicrobial therapies to
treat biofilms, alternative methods of preventing the
colonisation of surfaces with biofilms are required. The
use of a low-temperature processed PhTEOS sol–gel with
bioactive silver is presented as such an alternative. The
release of silver ions from the sol–gel coating inhibited the
development of a S. epidermidis biofilm over a period of 10
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days. In this study, XPS measurements confirmed the
presence of surface silver before and after immersion in a
saline solution. As the first 6 h is considered critical after
device insertion, an initial high release of Ag+ ions is
beneficial for reducing bacterial adhesion. Low-tempera-
ture processing of the sol–gel films retained the silver in
surface layers. GF-AAS analysis showed an initial high
release of silver was followed by a more gradual release.
The rate of silver elution varied, depending on the
extraction medium used and the anionic species present.
As these coatings were effective against both sessile and
planktonic bacteria, they have the potential to inhibit
biofilm growth on short-term indwelling devices.
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